A retrospective study of necropsy reports was undertaken to assess the relation between liver copper concentration and age, sex, and production class for calves that did not have a history compatible with copper toxicosis or with copper deficiency. Results of a generalized least squares regression analysis of 601 records found that copper concentration was as much as 60 mg/kg wet weight higher for dairy calves than for beef calves (P Ͻ 0.00001, R 2 ϭ 0.172). For both beef and dairy calves, copper concentration also was significantly associated with linear (P ϭ 0.001) and nonlinear (age 2 , P ϭ 0.002; age 3 , P ϭ 0.008) functions of age, where the concentration increased for the first 2 months, then declined until 9 months of age, after which it began to increase. Sex was not associated with copper concentration (P ϭ 0.22). The 95% confidence intervals of the mean concentration for a group of calves and the 95% prediction intervals of a single concentration value for an individual animal are presented. As a consequence of the significant influence of both production class (dairy or beef) and age on liver copper concentration of calves with no evidence of copper toxicosis or copper deficiency, diagnosis of copper imbalances based on liver copper concentration in calves should consider the diagnostic covariates of age and production class.
Introduction
Copper is a necessary component of several metalloenzymes and metalloproteins, such as ceruloplasmin, superoxide dismutase, cytochrome c oxidase, lysyl oxidase, and metallothionein, 3 and is associated with many oxidative processes. 22 Copper deficiency is a problem for cattle throughout the world. 22 Typical clinical signs of copper deficiency include growth retardation, 29 increased susceptibility to infections often associated with depressed humoral immune response, 10 anemia, 4 abnormal bone growth, 27 diarrhea, 19 reproductive failure, 17, 29 vascular abnormalities, and at extremely low concentrations, sudden death may occur. 35 At the other extreme, copper toxicosis often results in an acute hemolytic crisis, 26 with sudden death due to the rapid release of copper from liver stores or subsequent oxidative damage and lysis of erythrocytes and resultant renal failure. 15, 35 Sources of copper that can contribute to overexposure include mineral mixtures in feeds, 19 milk replacer, 18 copper sulfate as an anthelminthic and as a foot bath, pasture fertilizers, 19 feeding poultry litter, 34 contamination of soils and vegetation near mining and refining operations, 15, 24 copper oxide boluses, 16, 28 copper wire boluses, 13 and injectable copper supplementation. 1, 8, 19 Conventional assessment of copper values in calves does not consider possible normal accumulation of copper from dietary sources as calves age, 35 the different amounts of copper consumed by calves in different production systems (e.g., beef vs. dairy), or differences associated with sex. 21 One would expect that liver copper concentration in calves would not be static in the first year of life; rather it would vary depending on prenatal levels, the amount of copper consumed in the diet, and subsequent demands for copper in supporting growth and development. Because dairy calves would be expected to consume more copper from milk replacer and starter rations than beef calves would consume from dam's milk or pasture or range forages, normal copper values would be expected to be higher in dairy than in beef calves. Although previous reports of adults failed to detect a difference in copper concentration between males and females, 14 reports addressing a sex difference in copper liver concentrations of calves could not be found in the literature.
The objective of this study was to examine for associations between calf liver copper concentration and the age, sex, and production class (dairy or beef), using necropsy records of calves with no evidence of copper-related diseases. Knowledge of the extent to which liver concentrations of calves could be influenced by age, sex, or production class would improve the ability to identify abnormal levels of copper and thus the ability to diagnose copper toxicoses or deficiencies in calves.
Materials and methods
Case evaluations. Cases were identified from records of calves necropsied at the California Animal Health and Food Safety Laboratory System between May 1990 to July 2001. Cases selected for study included calves up to 1 yr of age for which liver trace mineral analysis was performed as part of the routine diagnostic investigation and liver copper concentration was recorded by age, sex, and production class (beef or dairy). Records were excluded for any animal for which a toxicosis of any kind or liver disease was diagnosed or for which recorded clinical signs could be suggestive of either copper deficiency or copper toxicosis. Indications for copper deficiency included myocardial atrophy, 35 rupture of large blood vessels, 35 anemia with iron Ͻ45 ppm, 4,5 rough/ coarse/poor hair coat, 5 weight loss, 5 abomasal ulcer, 25 ataxia, lameness, and bony changes manifesting fractures. 4, 5 Evidence for copper toxicosis included depression and anorexia, 36 hemolytic crisis, 33 dyspnea, gastroenteritis, head pressing, circling, 8 and liver disease. 18, 31 Cases without clinical histories or diagnoses also were excluded from the study. In total, 817 records were reviewed and 601 records were retained for study.
Quantitative heavy metal analysis. Liver samples that had been digested with nitric acid were analyzed for copper by inductively coupled argon plasma emission spectrometry (ICP a ). 9 Accuracy of ICP was measured by analyzing standard reference materials (SRMs) for copper concentration, such as bovine liver (National Bureau of Standards and Technology, SRM 1577b) and lobster hepatopancreas (National Research Council of Canada TORT-2). Data were accepted if analyzed SRM values were within 2 SDs of the certified reference value. Copper concentrations were estimated on a wet weight basis.
Statistical analysis. A multivariable, generalized linear regression model was used to assess the effect of sex, age, and production class (dairy ϭ 1, beef ϭ 0) on transformed liver copper concentrations, where a Box-Cox transformation 2 of the copper concentrations was used to satisfy the normality assumption of the original data.
The generalized linear regression model was of the form
where Y i is the liver copper concentration for the ith animal and i ϭ 1, . . ., 601, ␤ 0 is the intercept, ␤ 1 -␤ 5 are coefficients for the respective variables, and the Box-Cox transformation is [0.15(X) ϩ 1) 1/0.15 , where X is the generalized model indicated above in parentheses. A variable for which the coefficient was not likely to be zero (P value Յ 0.05) was interpreted to be statistically significantly associated with liver copper concentration. The final model was used to estimate liver copper concentration for dairy or beef calves of a specified age and to estimate the 95% confidence limits (CL) for the mean liver copper concentration for a group of calves and the 95% prediction limits (PL) for the concentration for an individual calf. Calculations were performed using commercial statistical software. b
Results
Of the 601 records that indicated no evidence of copper toxicosis or copper deficiency, 254 were males, 347 were females, and 447 were of dairy and 154 were of beef breeds. The results of the regression analysis of the 601 records revealed that liver copper concentration was not associated with sex (P ϭ 0.22). Copper concentration was, on average, 50-60 mg/kg wet weight higher for dairy calves than for beef calves (P Ͻ 0.00001; Figs. 1, 2 ). Copper concentration also was significantly associated with age, where the nonlinear, polynomial nature of the changing copper concentration with age was indicated by the statistically significant linear (P ϭ 0.001), quadratic (P ϭ 0.002), and cubic (P ϭ 0.008) components of the age relation with copper concentration (Table 1 ). For both dairy and beef calves, estimated copper concentration increased initially for the first 2 months of age, then declined until about 9-10 months of age when concentrations began to increase slightly (Figs. 1, 2). The multiple R 2 value was 0.172, suggesting that 17.2% of the variation in copper was due to variation in age and production class. The 95% CL for a mean copper concentration for a group of calves and the 95% PL for a single concentration value for an individual animal are presented in Figs. 1, 2. The regression equation was Y ϭ [0.15(5.688 ϩ 0.948 breed ϩ 0.01296 age ϩ 0.00011 age 2 ϩ 1.90 ϫ 10 Ϫ7 age 3 ) ϩ 1] 1/0.15 , where Y ϭ copper concentration. Depending on age, the upper 95% CL of copper concentration for a group of dairy calves ranged from 91 to 136 mg/kg wet weight and the lower 95% CL ranged from 63 to 114 mg/kg wet weight. For beef calves, depending on age, the upper 95% CL of copper concentration for a group of calves ranged from 55 to 89 mg/kg wet weight and the lower 95% CL ranged from 36 to 67 mg/kg wet weight. For individual dairy calves, the upper and lower 95% PL ranged from 244 to 361 mg/kg wet weight and from 20 to 35 mg/kg wet weight, respectively. For individual beef calves, the upper and lower 95% PL ranged from 159 to 241 mg/kg wet weight and from 11 to 20 mg/kg wet weight, respectively.
Discussion
The findings reported here indicate that the diagnostic covariates of age and production class of calves less than 1 year of age should be considered in diagnostic interpretations of liver copper concentration. The highly statistically significant effects of age and production class and the multiple R 2 of 17.2% demonstrate that copper concentration is associated with age and production type. The ranges estimated here differ from a commonly used liver copper reference range of 25-100 mg/kg wet weight for cattle, which Age-specific estimated mean value and 95% CL of liver copper concentration in age-grouped dairy and beef calves. Each line represents the upper 95% CL, the estimated mean value, and the lower 95% CL, respectively, for a group of dairy and beef calves at a given age. The regression equation for the estimated value is Y ϭ [0.15 (5.688 ϩ 0.948 breed ϩ 0.01296 age Ϫ 0.00011 age 2 ϩ 1.90 ϫ 10 Ϫ7 age 3 ) ϩ 1] 1/0.15 , where breed ϭ 1 for dairy and breed ϭ 0 for beef, age is measured in days), and Y ϭ liver copper concentration.
Figure 2.
Age-specific estimated value and 95% PL of liver copper concentration in individual dairy and beef calves. Each line represents the upper 95% PL, the estimated value, and the lower 95% PL, respectively, for an individual dairy of beef calf at a given age. The regression equation for the estimated value is Y ϭ [0.15 (5.688 ϩ 0.948 breed ϩ 0.01296 age Ϫ 0.00011 age 2 ϩ 1.90 ϫ 10 Ϫ7 age 3 ) ϩ 1] 1/0.15 , where breed ϭ 1 for dairy and breed ϭ 0 for beef, age is measured in days, and Y ϭ liver copper concentration. do not account for the influence of age and production class on copper concentration. 25 Unfortunately, values reported elsewhere represent a collection of data from several investigations for which it is not known whether animals studied had experienced copper toxicosis or copper deficiency. Moreover, the analytical methods used to derive limits were not described, and it is un-known whether the limits are PL for individual animals or CL for groups of animals. This study found that the upper 95% CL for dairy calves up to 1 year of 136 mg/kg wet weight exceeds the commonly used limit of 100 mg/kg copper wet weight. In addition, the lower 95% CL of 63 mg/kg wet weight found here is considerably higher for groups of calves up to 1 year 0.001 0.002 0.008 of age than the minimum limit of 25 mg/kg wet weight copper concentration commonly used by diagnosticians as the lowest concentration considered adequate for cattle. 25 The data presented here suggest an expected range of liver copper concentration for groups of dairy calves up to 1 year of age of 63 mg/kg (lower 95% CL) to 136 mg/kg (upper 95% CL) wet weight. In contrast, for groups of beef calves up to 1 year of age, results suggest an expected range of liver copper concentration of 36 mg/kg (lower 95% CL) to 89 mg/ kg (upper 95% CL) wet weight. For individuals, results suggest an expected range of liver copper concentration for individual dairy calves up to 1 year of age of 20 mg/kg (lower 95% PL) to 361 mg/kg (upper 95% PL) wet weight. For individual beef calves up to 1 year of age, the results suggest an expected range of liver copper concentration of 11 mg/kg (lower 95% PL) to 241 mg/kg (upper 95% PL) wet weight. Regardless of production class, expected lower limits for individual calves are much lower (11-20 mg/kg) and expected upper limits are much higher (241-361 mg/ kg) than mean values for groups of calves. The wide variation among individual calves has been attributed to species, age, and diet. 35 For beef and dairy calves, whether on an individual or group basis, liver copper concentration increased for the first 2 months, then declined until 9 months of age, after which it began to increase (Figs. 1, 2) . This pattern is most likely related to the increased absorption of copper in the newborn compared with adults and may also be a reflection of physiological needs for bone and connective tissue growth and development, where copper is a necessary component of vital cellular proteins such as lysyl oxidase and cytochrome c oxidase. 35 As the rumen develops, copper absorption decreases due to the formation of copper sulfide, which cannot be absorbed (Bird PR: 1970, Proc Aust Soc of Anim Prod Aust 8:212-218). Consequently, copper levels would be expected to diminish in calves that have developed rumen function or by 2-3 months of age. Previously, age has been shown to have a significant effect on plasma copper concentrations in calves, 7 and liver copper concentrations decreased with age in calves more than 12 weeks old, fed various forms and concentrations of copper. 19 However, the study reported here is the first that has documented the changes in liver copper concentrations of beef and dairy calves from birth to 360 days of age.
For diagnostic purposes, liver copper concentrations of newborn calves are often used to determine the copper status of dams. 11 The fetus is known to accumulate high liver copper concentrations, and newborn calves can be expected to have liver copper concentrations of 3-6 mmol/kg dry weight or 190-380 mg/kg. 35 Applying an average moisture content of 67% in bovine liver, 32 the expected liver copper concentration of 190-380 mg/kg dry weight in newborn calves is equivalent to 62-125 mg/kg copper wet weight. The estimated liver copper concentrations at birth for an individual and for groups of dairy and beef calves of 100 mg/kg wet weight and 61 mg/kg wet weight, respectively, presented here are in agreement with the previously published hepatic copper reserves of newborn calves.
This study found that production class can be significantly associated with liver copper concentration in calves, presumably because of different diets of beef and dairy breeds. Management systems, particularly nutritional practices, differ significantly between beef and dairy calves. Whereas beef calves suckle their dams and are typically not given copper supplements, dairy calves are fed milk replacer that typically contains 10 mg/liter of copper, 23 whereas copper levels in cow milk is only about 0.15 mg/liter. 35 Copper supplementation of dairy calves also occurs when calves are fed calf starter or other grain mix rations that contain copper. Dairy calves typically begin consuming these calf starter rations in the first week of life. Once dairy calves are weaned, copper supplementation continues in the total mixed ration. Beef calves more than 5-6 months of age that are raised on pasture or range are usually not supplemented with copper. In addition, the sulfur content present in the high forage diet of rangeland beef cattle may antagonize absorption of copper available in the herbage, 30, 35 resulting in lower liver copper concentration, compared with dairy calves. Some of the effect of production class also could be associated with inherent differences in some breeds to store, accumulate, or excrete copper. 6, 12, 20 The failure to find a sex influence in copper concentrations of the calves studied here is consistent with results of other studies that focused mainly on sex differences in young stock 21 and adults. 14 Thus, it appears that knowledge of sex of a calf does not provide additional diagnostic information in interpretation of liver copper concentrations in calves.
Prediction intervals were presented here to permit assessment of an estimated liver copper concentration for an individual calf, which is often the unit of interest. The prediction intervals can be used to assess whether the liver copper concentration measured for an individual calf was within the limits expected for calves of the same age with no known copper imbalance (either deficiency or excess). The CL for the mean value, on the other hand, can be used to assess whether the mean concentration for a group of calves of a given age was within the limits expected for a group of calves with no known copper imbalance. For herd investigations involving examination of multiple animals of similar ages, therefore, confidence intervals of the mean concentration should be used to assess the likelihood of copper imbalance. As expected, more variation in concentration can be found among individual values than among mean values; thus the PL for acceptable values of copper for individual calves are considerably wider than the CL for the mean value of a group of calves.
In summary, the results reported here present new limits for liver copper concentration in calves submitted to veterinary diagnostic laboratories. Further, the data demonstrate a significant dependence on age and production class. Expected hepatic copper concentrations are presented both for the individual animal and for the mean of a group of animals. As a consequence of the significant influence of age and production class on liver copper concentration, diagnosis of copper imbalances based on liver copper concentration should consider age and production class as diagnostic covariates. Information on age and production class should be provided as part of the case history to aid in the interpretation of data.
